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Diamond nanocrystals that host room temperature narrowband single photon emitters are 
highly sought after for applications in nanophotonics and bio-imaging. However, current 
understanding of the origin of these emitters is extremely limited. In this work we 
demonstrate that the narrowband emitters are point defects localized at extended 
morphological defects in individual nanodiamonds. In particular, we show that nanocrystals 
with defects such as twin boundaries and secondary nucleation sites exhibit narrowband 
emission that is absent from pristine individual nanocrystals grown under the same 
conditions. Critically, we prove that the narrowband emission lines vanish when extended 
defects are removed deterministically using highly localized electron beam induced etching. 
Our results enhance the current understanding of single photon emitters in diamond, and are 
directly relevant to fabrication of novel quantum optics devices and sensors.  
  
Fluorescent nanoparticles with bright, narrowband emissions are highly sought after for 
applications in bio-labelling, quantum communications and sensing. Diamond nanocrystals 
are attracting major attention in this regard1-9 due to their ability to host room temperature, 
photostable single photon emitters10. Several known optically active defects such as the 
nitrogen vacancy (NV)11 and silicon vacancy (SiV)12 have been studied extensively and their 
photophysical properties are well understood. Yet, diamond can host many other colour 
centres that have not been explored to date13-14 and their origin remains unknown. While 
some of these centres can be engineered using ion implantation techniques15, this avenue is 
not ideal, due to the damage caused by ion bombardment16. It is therefore highly desirable to 
understand emitter formation mechanisms in damage-free, scalable, bottom-up techniques 
such as chemical vapour deposition (CVD).  
During CVD, a growing diamond crystal often incorporates silicon and other impurities17. 
This has been utilized extensively to engineer SiV12 and other single photon emitters18-19 in 
both individual nanodiamonds as well as polycrystalline films20-21. The process is, however, 
stochastic and improved control is needed over emitter concentrations and distributions. It is 
imperative to understand the underlying mechanisms and to achieve greater control over the 
incorporation of narrowband emitters in fluorescent nanodiamonds, which is essential for 
quantum photonic devices as well as bio-imaging applications.  
   
Here we present three independent experiments showing that narrowband, single photon 
emitters in CVD-grown nanodiamonds (FWHM < 5 nm) are localized predominantly at 
extended morphological defects such as twin boundaries and secondary nucleation sites. 
Furthermore, we show that the emitters are not predominantly related to silicon impurities, 
contrary to suggestions made in prior literature12. The insights gained in this work pave the 
way to controlled engineering of narrowband single photon emitters in diamond.  
The growth of nanodiamonds was performed using a microwave plasma CVD reactor with a 
hydrogen/methane ratio of 100:1 at 60 Torr, a microwave power of 900 W from 4-6 nm 
detonation nanodiamond seeds. To achieve reproducible identification of individual 
nanodiamonds by photoluminescence (PL) and scanning electron microscopy (SEM), a high 
resolution lithographic mask was employed after the growth. This enabled to characterize 
same nanocrystals in both SEM and PL. 
Figure 1a,b show PL spectra recorded from individual defective and pristine nanodiamonds, 
respectively, grown on a silicon substrate. The insets show the corresponding SEM images of 
the nanodiamonds and schematic illustrations of their geometries for clarity. The 
nanodiamond in Figure 1a exhibits morphological defects, while Figure 1b shows a nearly-
perfect nanocrystal with a cuboctahedral symmetry22. The PL spectrum from the nearly-
perfect nanodiamond shown in Figure 1b is dominated by the SiV emission at 738 nm. A 
peak at 630 nm (1.967 eV) was observed in all the studied nanodiamonds. This centre is 
normally observed in CVD diamond films and is especially pronounced in nitrogen-doped 
films13. In the current work, we do not discuss the origin of this particular defect. The results 
illustrate that morphological defects correlate with the narrowband emission lines (indicated 
by an arrow in Figure 1a. The morphological defects include major twinning that often occurs 
between the <111> planes of icosahedral nanodiamonds23 (seen as dimples between adjacent 
triangular facets of the nanodiamonds), and secondary nucleation sites – a common 
morphological defect that forms when a nanodiamond nucleates on a pre-existing crystal, 
forming a grain boundary along the nucleation site. 
Figure 1c shows an additional spectrum recorded from a defective nanodiamond that exhibits 
a narrow, intense emission line at 700 nm, and Figure 1d shows a second order correlation 
function, g(2)(τ), that confirms that the line is a single photon emitter (as evidenced by the dip 
below 0.5 at g(2)(0)). The autocorrelation measurement was performed using a band-pass 
filter illustrated using grey dotted lines in Figure 1c. The data were corrected for background 
using and fit using a three level model. Most of the narrowband lines that were observed in 
our experiments are in fact from single photon emitters, indicating that they are point defects 
that are localized at the extended defects visible in SEM images.  
 
 Figure 1. Nanodiamonds on a silicon substrate. (a) Photoluminescence spectrum from a single nanodiamond 
containing morphological defects. (b) Photoluminescence spectrum from a nearly-perfect nanodiamond crystal. 
Insets in (a,b) are SEM images of the nanodiamonds and schematic illustrations of their geometries. Scale bars 
in both images are 500 nm. (c) Photoluminescence spectrum from a different nanodiamond with morphological 
defects showing a narrow line at ~ 700 nm. (d) Second order autocorrelation function , recorded from the 
spectral region indicated by dashed lines in (c). The dip at zero delay time indicates a single photon emitter. The 
solid red line is a fit to the data. The samples were grown on a silicon substrate and the strong emission at 738 
nm corresponds to the SiV centre. Peak assignments: SiV = Silicon vacancy, SiV PSB = Silicon vacancy 
phonon side band, X = CVD related peak at 630 nm, the arrows indicate narrow-band emitters studied in this 
work. 
 
To ascertain whether the narrowband emitters are related to silicon impurities originating 
from the substrate, nanodiamonds grown on iridium were investigated. Figure shows a 
representative example of a nearly-perfect nanodiamond and one that contain morphological 
defects. A similar trend to that seen in Figure is clearly observed. The defective nanodiamond 
exhibit narrow sharp PL emission lines, while the nearly-perfect nanodiamond show no 
emission at all, or in some cases only the very weak nitrogen-related emission at 630 nm. The 
broadband background emission for the nanodiamond containing morphological defects is 
attributed to graphitic regions located at the grain boundaries. The absence of the SiV peak is 
expected as there was no intentional source of silicon in the growth chamber. These results 
indicate that the narrowband emitters are not related to silicon impurities or associated defect 
complexes. 
A statistical survey of 60 individual nanodiamonds on both silicon and iridium substrates 
revealed that 90% of the investigated nanodiamonds showed a direct correlation between the 
presence of morphological defects and narrowband peaks. The remaining 10% of the 
nanodiamonds either contained morphological defects but showed no distinct narrowband 
emission, or they appeared to be pristine crystals and showed narrowband emissions (in these 
cases morphological defects may still be present but invisible in SEM images). Additional 
examples from both the silicon and iridium substrates are shown in the supporting 
information as well as the histogram of the emitters zero phonon lines and the FWHMs. 
 
Figure 2. Nanodiamonds on an iridium substrate. (a) Photoluminescence spectra recorded from individual 
nanodiamond that do (blue) and do not (red) contain morphological defects. (b, c) Corresponding SEM images 
of the defective and pristine nanodiamonds. Scale bars in both images are 500 nm. The spectra were recorded 
using a fixed excitation power. The arrows indicate narrow-band emitters studied in this work. 
 
The above experimental results suggest that morphological defects play a critical role in the 
formation of the localized narrowband emitters. We therefore performed an additional 
experiment that enabled us to compare PL spectra from nanodiamonds to a single crystal 
diamond that was grown on a diamond membrane under the same CVD conditions. The 
single crystal diamond membrane was lifted off type IIA single crystal diamond (Element6 
Inc, [N] < 1 ppm)24. The membrane was placed on a silicon substrate and subjected to CVD 
growth under the conditions described earlier, yielding a single crystal diamond overlayer 
with a thickness of ~ 650 nm. Figure 3a shows a corner of the resulting overgrown membrane 
and a range of neighbouring nanodiamonds. The nanodiamonds were grown through 
spontaneous nucleation without seeds and contain multiple structural defects. The inset of 
Figure 3a is an optical image of the original single crystal diamond membrane.  
As expected, Figure 3b shows that both the nanodiamonds and the membrane exhibit a strong 
SiV emission due to incorporation of silicon atoms from the substrate during growth. 
However, the overgrown single crystal diamond membrane does not exhibit any narrowband 
emission lines, while the nanodiamonds exhibit a range of narrowband emitters. This 
experiment confirms that the narrowband emission lines are related to morphological 
deformations in the nanodiamonds – likely to be twins or grain boundaries that are not 
present in the single crystal diamond membrane.  
 
 
Figure 3. Comparison between single crystal and nanodiamond growth. (a) SEM image of a corner of the 
overgrown diamond membrane and nearby nanodiamonds that grew spontaneously on the silicon substrate and 
contain morphological defects. The scale bar is 2 μm. Inset: Optical image of the diamond membrane prior to 
growth; the scale bar is 200 µm. (b) Photoluminescence spectra recorded from the membrane and the adjacent 
nanodiamonds. Spectra normalised to SiV peak. Peak assignments: SiV = Silicon vacancy, SiV PSB = Silicon 
vacancy phonon side band, X = CVD related peak at 630 nm, the arrows indicate narrow-band emitters studied 
in this work. 
 
Finally, to prove that the narrowband emitters are indeed localized at morphological defects, 
we select several nanodiamonds and deterministically remove the morphological defects 
using electron beam induced etching (EBIE) performed using water vapour as the precursor 
gas (Figure 4a) 25-27. EBIE is a chemical dry etch process that is driven and localized by an 
electron beam. A time-lapse SEM image sequence showing EBIE of a single nanodiamond is 
shown in the supplementary information. 
SEM images of the same nanodiamond taken before and after etching are shown in Figure 4b 
and figure 4c, respectively. The residual nanodiamond in Figure 4c is circled for clarity and is 
approximately ~ 200 nm in size. The narrowband emission lines seen in Figure 4d (blue 
spectrum, taken prior to EBIE) were removed by the EBIE process (red spectrum). Yet, the 
remaining nanocrystal still exhibits a strong SiV emission (~ 738 nm), showing that the 
nanodiamonds are sufficiently large to host optically active colour centres. These results 
solidify the hypothesis that the narrowband emissions in fluorescent nanodiamonds are point 
defects that decorate extended morphological defects such as twin boundaries and secondary 
nucleation sites.  
 Figure 4 . Deterministic removal of morphological defects from a single nanodiamond. (a) Schematic showing 
selective etching of an individual nanodiamond. (b, c) SEM images of the diamond crystal before and after 
electron beam induced etching. The red circle denotes the etched diamond. The contrast around the diamond is 
the substrate which did not fluoresce. Scale bars in both images are 500 nm. (d) Photoluminescence spectra 
collected before (blue curve) and after (red curve) the etch process. Spectra normalised to SiV peak. Peak 
assignments: SiV = Silicon vacancy, SiV PSB = Silicon vacancy phonon side band, X = CVD related peak at 
630 nm, the arrows indicate narrow-band emitters studied in this work. 
 
While we cannot deduce the chemical structure of the narrowband emitters, one can speculate 
about the importance of nitrogen in the formation of the defects. It is known that residual 
nitrogen in the gas phase modifies growth, causing twinning and re-nucleation, due changes 
in the growth velocities of different crystallographic planes28. Therefore, nitrogen atoms may 
also be involved in the formed isolated defects that give rise to the narrowband emission 
lines. Alternatively, this can result in localized deformations and stresses in the lattice29 that 
may create luminescent defect states. While the origin of the emitter certainly warrants 
further work, the localization of narrowband quantum emitters at morphological deformations 
offers a fascinating opportunity for controlled localization of emitters in photonic devices as 
well as targeted sensing.  
In conclusion, we show convincing evidence for a direct correlation between morphological 
defects, such as secondary nucleation sites and twin boundaries, and narrowband single 
photon emitters in nanodiamonds. A survey of nanodiamonds grown on silicon and iridium 
showed that in 90% of the cases, the presence of grain boundaries and crystal twinning 
correlated with the presence of narrowband emission lines in PL spectra. Single crystal 
diamond grown under the same conditions did not show any narrowband emitters. Finally, 
removal of grain boundaries from nanodiamonds using EBIE eliminated the narrowband 
emission lines. Our results are an important step towards understanding of origin, formation 
probabilities and spatial distributions of single photon emitters in nanodiamonds, enabling the 
deployment of nanodiamonds in bioimaging and nanophotonic technologies. 
 
Author information 
§ - these authors contributed equally to this work. 
* (M.T.) milos.toth@uts.edu.au 
* (I.A.) igor.aharonovich@uts.edu.au  
Notes 
The authors declare no competing financial interests. 
 
Acknowledgements 
We would like to acknowledge Mika Westerhausen for useful discussions, Stefan Lundgaard 
for assistance with the lithography and Andrew Magyar for assistance with membrane 
fabrication. The work was supported in part by the Australian Research Council (Project 
Number DP140102721) and FEI Company. I.A. is the recipient of an Australian Research 
Council Discovery Early Career Research Award (Project DE130100592). Partial funding for 
this research was provided by the Air Force Office of Scientific Research, United States Air 
Force. O.S. acknowledges the Ramaciotti foundation for financial support. 
 
 
References  
1. Vaijayanthimala, V.; Cheng, P.-Y.; Yeh, S.-H.; Liu, K.-K.; Hsiao, C.-H.; Chao, J.-I.; 
Chang, H.-C., The Long-Term Stability and Biocompatibility of Fluorescent Nanodiamond as 
an In vivo Contrast Agent. Biomaterials 2012, 33, 7794-7802. 
2. Mochalin, V. N.; Shenderova, O.; Ho, D.; Gogotsi, Y., The Properties and 
Applications of Nanodiamonds. Nature Nanotech. 2012, 7, 11-23. 
3. Ho, D.; Wang, C.-H. K.; Chow, E. K.-H., Nanodiamonds: The Intersection of 
Nanotechnology, Drug Development, and Personalized Medicine. Science Advances 2015, 1. 
4. Heyer, S.; Janssen, W.; Turner, S.; Lu, Y.-G.; Yeap, W. S.; Verbeeck, J.; Haenen, K.; 
Krueger, A., Toward Deep Blue Nano Hope Diamonds: Heavily Boron-Doped Diamond 
Nanoparticles. ACS Nano 2014, 8, 5757-5764. 
5. Merson, T. D.; Castelletto, S.; Aharonovich, I.; Turbic, A.; Kilpatrick, T. J.; Turnley, 
A. M., Nanodiamonds with Silicon Vacancy Defects for Nontoxic Photostable Fluorescent 
Labeling of Neural Precursor Cells. Optics Letters 2013, 38, 4170-4173. 
6. Ermakova, A.; Pramanik, G.; Cai, J. M.; Algara-Siller, G.; Kaiser, U.; Weil, T.; 
Tzeng, Y. K.; Chang, H. C.; McGuinness, L. P.; Plenio, M. B.; Naydenov, B.; Jelezko, F., 
Detection of a Few Metallo-Protein Molecules Using Color Centers in Nanodiamonds. Nano 
Letters 2013, 13, 3305. 
7. Neumann, P.; Jakobi, I.; Dolde, F.; Burk, C.; Reuter, R.; Waldherr, G.; Honert, J.; 
Wolf, T.; Brunner, A.; Shim, J. H.; Suter, D.; Sumiya, H.; Isoya, J.; Wrachtrup, J., High-
Precision Nanoscale Temperature Sensing Using Single Defects in Diamond. Nano Letters 
2013, 13, 2738-2742. 
8. Knowles, H. S.; Kara, D. M.; Atatüre, M., Observing Bulk Diamond Spin Coherence 
in High-Purity Nanodiamonds. Nature Mater. 2014, 13, 21-25. 
9. Trusheim, M. E.; Li, L.; Laraoui, A.; Chen, E. H.; Bakhru, H.; Schröder, T.; Gaathon, 
O.; Meriles, C. A.; Englund, D., Scalable Fabrication of High Purity Diamond Nanocrystals 
with Long-Spin-Coherence Nitrogen Vacancy Centers. Nano Letters 2014, 14, 32-36. 
10. Aharonovich, I.; Neu, E., Diamond Nanophotonics. Adv. Opt. Mater. 2014, 2, 911-
928. 
11. Doherty, M. W.; Manson, N. B.; Delaney, P.; Hollenberg, L. C. L., The Negatively 
Charged Nitrogen-Vacancy Centre in Diamond: The Electronic Solution. New J. Phys. 2011, 
13, 025019. 
12. Neu, E.; Steinmetz, D.; Riedrich-Moeller, J.; Gsell, S.; Fischer, M.; Schreck, M.; 
Becher, C., Single Photon Emission from Silicon-Vacancy Centres in Cvd-Nano-Diamonds 
on Iridium New J. Phys. 2011, 13, 025012. 
13. Zaitsev, A. M., Optical Properties of a Diamond. Springer: Berlin, 2001. 
14. Monticone, D. G.; Traina, P.; Moreva, E.; Forneris, J.; Olivero, P.; Degiovanni, I. P.; 
Taccetti, F.; Giuntini, L.; Brida, G.; Amato, G.; Genovese, M., Native Nir-Emitting Single 
Colour Centres in Cvd Diamond. New J. Phys. 2014, 16, 053005. 
15. Pezzagna, S.; Rogalla, D.; Wildanger, D.; Meijer, J.; Zaitsev, A., Creation and Nature 
of Optical Centres in Diamond for Single-Photon Emission—Overview and Critical 
Remarks. New J. Phys. 2011, 13, 035024. 
16. Kalish, R., Ion-Implantation in Diamond and Diamond Films: Doping, Damage 
Effects and Their Applications. Applied Surface Science 1997, 117–118, 558-569. 
17. Achard, J.; Silva, F.; Brinza, O.; Tallaire, A.; Gicquel, A., Coupled Effect of Nitrogen 
Addition and Surface Temperature on the Morphology and the Kinetics of Thick Cvd 
Diamond Single Crystals. Diam. Rel. Mater. 2007, 16, 685-689. 
18. Castelletto, S.; Edmonds, A.; Gaebel, T.; Rabeau, J., Production of Multiple 
Diamond-Based Single-Photon Sources. Ieee Journal of Selected Topics in Quantum 
Electronics 2012, 18, 1792-1798. 
19. Iwasaki, T.; Ishibashi, F.; Miyamoto, Y.; Doi, Y.; Kobayashi, S.; Miyazaki, T.; 
Tahara, K.; Jahnke, K. D.; Rogers, L. J.; Naydenov, B.; Jelezko, F.; Yamasaki, S.; 
Nagamachi, S.; Inubushi, T.; Mizuochi, N.; Hatano, M., Germanium-Vacancy Single Color 
Centers in Diamond. Sci. Rep. 2015, 5, 12882. 
20. Sandstrom, R. G.; Shimoni, O.; Martin, A. A.; Aharonovich, I., Study of Narrowband 
Single Photon Emitters in Polycrystalline Diamond Films. Appl. Phys. Lett. 2014, 105, 
181104. 
21. Ralchenko, V. G.; Sedov, V. S.; Khomich, A. A.; Krivobok, V. S.; Nikolaev, S. N.; 
Savin, S. S.; Vlasov, I. I.; Konov, V. I., Observation of the Ge-Vacancy Color Center in 
Microcrystalline Diamond Films. Bull. Lebedev Phys. Inst. 2015, 42, 165-168. 
22. Barnard, A. S., Shape-Dependent Confinement of the Nanodiamond Band Gap. 
Crystal Growth & Design 2009, 9, 4860-4863. 
23. Shechtman, D.; Feldman, A.; Hutchison, J., High-Order Twin Boundaries in Cvd 
Diamond Films. Materials Letters 1993, 17, 211-216. 
24. Lee, J. C.; Magyar, A. P.; Bracher, D. O.; Aharonovich, I.; Hu, E. L., Fabrication of 
Thin Diamond Membranes for Photonic Applications. Diam. Rel. Mater. 2013, 33, 45-48. 
25. Martin, A. A.; Toth, M.; Aharonovich, I., Subtractive 3d Printing of Optically Active 
Diamond Structures. Sci. Rep. 2014, 4, 5022. 
26. Taniguchi, J.; Miyamoto, I.; Ohno, N.; Honda, S., Electron Beam Assisted Chemical 
Etching of Single Crystal Diamond Substrates. Japanese Journal of Applied Physics 35, 
6574. 
27. Martin, A. A.; Bahm, A.; Bishop, J.; Aharonovich, I.; Toth, M., Dynamic Pattern 
Formation in Electron-Beam-Induced Etching. Phys. Rev. Lett. 2015, 115, 255501  
28. Müller‐Sebert, W.; Wörner, E.; Fuchs, F.; Wild, C.; Koidl, P., Nitrogen Induced 
Increase of Growth Rate in Chemical Vapor Deposition of Diamond. Appl. Phys. Lett. 1996, 
68, 759-760. 
29. Bergman, L.; Nemanich, R. J., Raman and Photoluminescence Analysis of Stress 
State and Impurity Distribution in Diamond Thin Films. J. Appl. Phys. 1995, 78, 6709-6719. 
 
